I N T R O D U C T I O N
The production of dry matter by vegetation can be separated into two processes: the interception of solar energy by foliage. and the storage of this energy in plant material. T h e fraction of available energy intercepted during the life of a crop depends on the rate of expansion of leaves and on their longevity. The efficiency of conversion depends o n the balance between photosynthesis and respiration and is most conveniently exprcssed a s the amount of dry matter produced per unit of solar radiation intercepted.
Temperature has a strong influence on factora that determine interception both in pearl millet (Pearson. 1975; Ong, 1 9 8 3~: Squire and Ong, 1983) and in other species (Gallagher and Biscoe, 1979; Milford and Riley. 1980) . Increasing tcrnperature accelerates germination and leaf expansion and so shortens the period before the canopy closes; it also accelerates development and shortens the duration from germination to maturity. However. there is insufficient experimental evidence to show whether the increase of interception caused by the more rapid formation of a canopy can compensate for the decrease caused by earlier maturity.
Even less is known about the tcmperature response of solar energy conversion. For a crop in the field. the correlation between dry matter production and temperature is difficult t o demonstrate as the growth rates of complete canopies are influenced predominantly by ' N o w at PORlM Research Station. Kluang. Johor. Malaysia. ' Now at SCRI. Invergowric. Dundee. Scotland I>D2 5DA. l1.K S q u i r e et al. -Temperature Response in Miller irradiance a n d a r e m u c h less sensitive t o temperzture except near the extremes o f the temperature range for a species (Monteith a n d Scott. 1982) . I n the laboratory. both photosynthesis a n d respiration show well-defined responses t o temperature. but they a r e n o t immediately relevant t o t h e long-term carbon balance of c r o p stands. Earlier papers in this series examined effects o f temperature o n specific developmental processes a n d the expansion of individual leaves (Ong, 1983a , b, c: Gregory, 1983 . In this paper w e examine effects of temperature o n t h e formation o f the c a n o p y a s a whole a n d o n the efficiency of solar energy conversion.
M A T E R I A L S A N D M E T H O D S
Pearl millet (Pennisetum t.~phoides S. & H.) cv. BK 560 was grown in a set of five glasshouses with full environmental control. Details of the site. control systems and general management of the plants are given by Monteith, Marshall, Saffell, Clarke. Gallagher, Gregory. Ong. Squ~rc. and Terry (198.7) and Ong (1 983a). Seeds were sown in the ground 2-4 cm deep and in rows aligned at right angles to the long axis of the glasshouses and spaced every 35 cm. The stands were thinned to leave one plant every 10 cm along rows. equivalent to 28.6 plants m '. Fertilizer (N:P:K, 25:9:9) equivalent to 8 0 kg N h a ' was broadcast by hand and raked into the soil before sowing. The stands were irrigated with a seephose system to maintain soil matric potentials. measured with tensiometers. above 0 . 0 5 MPa. Effects oftemperature were examined in three experiments.
Experiment 1 Seeds were sown on 11 May 1979. In all glasshouses. air temperature was controlled at a daily mean temperature of 25 "C with an ampl~tude of 2 5 OC for the durat~on of a photoperiod treatment imposed between 8 d and 22 d after sowing (DAS). Initiation of the reproductive apex was induced by restricting daylength to 12 h during this time (Ong. 1 9 8 3~) .
Thereafter and 3 1 OC (all ? 5 "C). The aim of the experiment was to examine the effect of temperature on the formation of the canopy and no photoprriod treatment was given. Neither saturation deficit nor CO, concentration was controlled, but because there was little foliage. C 0 : was not reduced significantly below its concentration in external air. There were no visible pests or diseases. The experiment ended on 32 DAS.
Experiment 3
Seeds were sown on 2 June I980 in two glasshouses at mean temperatures of 25 OC (is 'C) for the duration of a 12 h photoperiod treatment between 7 DAS and 24 DAS. Mean air temperatures were then changed to 22 "C and 29 'C ( t 5 "C). Careful glasshouse hygiene prevented the build-up of'pests or diseases. The aim of the experiment was to confirm the rates of dry matter production observed in Experiment 1 in conditions where saturation deficit and. particularly, C0,-concentration were controlled. The system for monitoring and controlling C0,-concentration is described by Marshall and Saffell (in preparation) . A tracer gas. nitrous oxide, was occasionally used for short periods to estimate ventilation rate but had no apparent effect on canopy photosynthesis. Plants were harvested at maturity.
Ent'ironment
Daily mean values of total solar radiation reaching the canopy surface during the first 30 d of Experiments 1. 2 and 3 were 10.4, 9.7 and 9.0 MJ m 2 , respectively. Over the period G90 DAS in Experiments 1 and 3, the mean values were 9.9 MJ m-2 and 8.0 MJ m-= respectively. leaf conductances and rapid transpiration. Thc main differences in saturation deficit between treatments occurred in Experiment 2 where the external vapour pressure was small and the canopy was too small to increase the vapour pressure in the glasshouse. In this expcriment. the maximum deficit was closely coupled to maximum air temperature.
Plunr [emperarurr
The control system maintained long-term temperatures within +(I. I "C of the nominal air temperatures shown in Table 1 . Air temperatures were sensed at a height of about 2.0 m, and the temperature of the laminae during the day, even in bright sunlight. wa!, usually 1-2 "C lower than air temperature. As air and plant temperatures were likely to be even closer at night, the mean tempera tures of laminae and sheaths were assumed equal to mean air temperature within the limits needed for the analysis of' dry matter production. Ong (19830) described the relation between environmental and meristem temperature during the development of the canopy. For germination, and emergence and initiation of the first 6-8 leaves when the apical meristem was below the soil, the meristem temperature was closer to soil than to air temperature. The difkrence between mean soil and air temperatures was only 2-3 OC at mean air temperatures between 19 OC and 25 OC, but as much as 6 OC at air temperatures of 28 "C and 31 OC.
Because of this large differential at the higher temperatures, the range of mean meristem temperature we could impose in Experiment 2 was limited to 19-26 OC throughout the formation of the canopy.
Intercepted radiation
Monteith er al. (1983) described the method of measuring the hourly and daily solar radiation received at the canopy surface and at the soil. The fractional interception of the canopy was determined daily, and the radiation intercepted was accumulated throughout the life of the stands. To reduce the lateral penetration of sunlight, sequential coats of a white film were applied to the walls of each glasshouse between ground level and the top of the canopy.
Dry weight and leaf area index (L)
Plants were removed from the glasshouses and partitioned into leaves, stems and panicles of both main culms and tillers. The leaf area of each plant was measured on a LI-COR area meter; then the herbage was dried in an oven at about 70 "C before being weighed.
Most measurements of dry weight and leaf area were made in Experiment 1. Ten samples, each of 8 plants, were removed after regular intervals from 10 DAS to final harvest (which varied between 73 DAS in the warmest and I I I DAS in the coolest glasshouse). Of the 24 rows in each glasshouse, the first five from the northern end were used in experiments on soil temperature described elsewhere.
A guard area of three rows was left at the southern end. and the remaining 16 rows were divided into eight plots. four on each side of the glasshouse with a common boundary down the central axis. Each of the plots was half of a row in width and four rows in length, and a guard area of three plants was left at the side of each plot nearest the walls of the glasshouse. Each plot consisted of 60 (4 x 15) plants and the total number available for sampling was 480. One plant was sampled randomly from each of the 8 plots at each harvest. the only constraint being that no plant was taken from a position adjacent to or opposite a space created by the removal of a plant in a previous harvest. For calculations of leaf' area and dry matter per square metre. the mean values of area and weight per plant were multiplied hy the population density before each harvest. a density determined from the product of the initial density (28.6 plants per m') and a reduction factor allowing for plants removed in previous samples. After the tenth harvest. six plants were srlected randvmly from each of the plots. Therefore. the weights at final harvest are the means of 48 plants. equivalent to 10°4 of the initial populat~on.
In Experiment 3. only three or four samples were removed before final harvest. At final harvest. the stand was partitioned into 10 plots. 5 on each side of the glasshouse and each of four rows of I6 plants. Table 2 .
With analysis restricted t o the phase when aLlat was effectively constant. The stands in Experiments 1 and 3 were grown at the same temperature for the first 22-24 DAS by which time L was about 1. Thereafter, most foliage grew while the stands experienced the range of temperatures maintained until final harvest. The period between the end of canopy formation and final harvest was 30 d in the warmest and 60 d in the coolest treatment. The dry weight of each stand in Experiment 1 increased more or less linearly with the amount of radiation intercepted by foliage (Fig. 4) . For individual stands, the mean conversion efficiency (e), determined as the slope of the regression of dry weight on radiation intercepted between harvests 2 to 10, ranged from 2.6 g MJ-' at 22, 25 and 2.8 "C to 0 I-. Figure 5 compares the weight at final harvest of all stands in 1979 and 1980. The average efficiency was somewhat greater in 1980 than 1979: the lower insolation in 1980 was responsible for the lighter stands at final harvest. In 1979 the amount of radiation intercepted and dry matter produced by a stand depended largely o n the time from emergence t o the final harvest. which was usually several days later than the end of grain-filling on the basal tillers (Fig. 6 ).
D I S C U S S I O N
The measurements of leaf area and light interception in this paper confirm the conclusion of earlier papers in this series (Ong, 1 9 8 3~. c; Gregory, 1983 ) that temperature has a dominant effect on vegetative development and expansion. Within the mean temperature range 19-28 OC. the canopy required 250-300 "Cd above a base of 10 "C to reach the phase of rapid expansion and 500 OCd t o the maximum leaf area index at anthesis a s determined by combining growth analysis with records of leaf expansion to give the figures cited in Table 2 . Ong ( 1 9 8 3~. and unpublished measurements) showed that 4 0 OCd were required for emergence of seedlings. 325 o r 13 x 25 OCd for the initiation of 13 leaves (the mean in these experiments) and about 8 0 OCd for the expansion of the final leaf. The sum of these comp o n e n t s 4 5 0 O C d d e f i n e s the end of leaf growth on the plant as a whole, because leaves o n both the main culm and tillers stop increasing in size at about the same time. This value refers to the modal plant of the population and is about 50 OCd earlier than the maximum area for the stand a s a whole because of the contribution from the least precocious plants in the population.
Although temperature determined the time taken t o achieve a maximum leaf area index, it had little influence o n the magnitude of the maximum and therefore had a negligible effect o n maximum fractional interception. More generally. however. temperature during early vegetative growth may influence canopy size through its effect on leaf number (Pearson. 1975) . In Experiment 1, the final leaf number on the main culm was determined at 17 DAS. during the period when temperature was the same in all treatments.
The pattern of canopy formation in thermal time was similar for most of the stands examined, though slightly different from the stand at 31 " C in Experiment 1 and for three treatments in Experiment 2. The performance of the stand at 3 1 O C was generally anomalous. The fact that the final weight of leaves. the height of the stem and the conversion efficiency (see later) were also reduced in this stand suggests that the optimum temperature for photosynthesis and possibly for other physiological processes was exceeded in a temperature regime of 31 ?r 5 OC. For three treatments in Experiment 2. the increase in the fractional interception of light was delayed during the early part of canopy development. All three stands experienced very dry air which is known to reduce leaf extension slightly (Squire and Ong. 1983); but saturation deficit was probably not the factor responsible for the delay in this case. Two other treatments (a and f) experienced similar o r larger deficits during early canopy formation yet fractional interception of these stands was not anomalms. The factor causing the delay in the treatments is not known but may have been nutritional, despite attempts to supply adequate major nutrients.
For the purpose of modelling the relation between light interception as a function of time and temperature, little error is introduced when the fraction of intercepted light is assumed to increase linearly from zero at 250 "Cd to 0.85 a~ 450 OCd.
In contrast to its effects on canopy formation. temperature had little influence o n the longterm efficiency of solar energy conversion. All stands grew at a rate which was 2&30'%1 slower than that for record C , crops in the tropics (Monteith. 1978) . but the slower growth was caused by less insolation at the canopy surface beneath the glass rather than low conversion efficiency. Long-term values of e 7 2.5 g MJ-' (Experiment 1 ) are similar to values measured from sowing to anthesis in the Indian monsoon (Marshall and Willey, 1983) and during a period of rapid growth in northern Australia (Begg, 1965) .
The values of r obtained when CO, was held constant (Experiment 3) were about 15-2096 higher than when no CO, was injected (Experiment I). However, the increase was independent of temperature and, therefore, of the degree of ventilation. We therefore believe that rates of growth in Experiment I were cot significantly reduced by CO, depletion but were less than those in the later experiment because of some unidentified difference in season o r in management.
Growth rate is expected t o decline sharply below 19 OC because photosynthetic rates are reduced (Pearson and Derrick, 1977) . In a laboratory study. Taylor and Rowley (1971) found that net photosynthesis of millet was zero at 10 OC, the base temperature for development and expansion. The effects of temperatures above 28 OC are less well defined. At a mean of 3 1 "C with a daily maximum of 36 OC, e was reduced slightly in Experiment I , hut possibly because of large saturation deficit and rapid transpiration rather than high temperature per se. Occasional measurements with a pressure chamber showed that most stands had minimum leaf water potentials of -0.7 MPa to -1.0 MPa on bright days. In contrast, the stand at 31 "C had minimum potentials of -1.4 M P a at which turgor was zero. In the laboratory. McPherson and Slatyer (1973) showed net photosynthesis of pearl millet was not reduced by temperatures as high as 45 OC, but further work on stands with adequate control of saturation deficit is necessary to define the temperature response of e above 30 " C .
The general shape of the response of e to temperature between 19 OC and 3 1 OC is flatter than expected for a C , plant. In laboratory studies, the shape is strongly dependent on irradiance, becoming flatter a s irradiance decreases (Ludlow and Wilson, 197 1; Berry and Bjorkman, 1980) . A weak response of photosynthesis to temperature would also be found if the photosynthetic system adapted to its thermal environment in such a way that the optimum temperature moved towards the mean environmental temperature (Berry and Bjorkman, 1980) . It is not known if this type of adaptation occurs in pearl millet.
Duration a n d dry matrerproduclion In these experiments, temperature affected dry matter production by governing the rate of formation and the duration of the canopy rather than the efficiency of solar energy conversion. The relative importance of the various temperature responses is illustrated in Fig. 7 which summarizes data from all three experiments and related published work. The upper curve in Fig. 7~ shows the relation between temperature and the duration of the period ( r , ) between sowing and the achievement of maximum grain weight on the main culm, using the values of 17 d + 760 "Cd established by Ong (19836) . The lower curve is the effective time (I,) from sowing to maximum light interception (85%) based on the thermal time of 350 OCd derived in this paper. The difference between the curves is the effective duration of the foliage. 
